We describe various molecular switching processes occurring in several types of inorganic solids: spin cross-over (SC) compounds, photomagnetic Prussian blue analogs (PBAs), and valence-tautomeric system. Their thermo-, photo-, piezo-, and magneto-chromic properties are illustrated by recent examples. A common description of their static properties by a two-level model is given.
INTRODUCTION
Molecular switching of inorganic solids closely relates to the vibronic lability of molecular units, previously introduced by J. A. Ammeter [1] . We report here on several families of inorganic systems [2] where a SC is involved in the switching process between the two molecular states: SC solids, PBAs, valence-tautomeric system (VT), see table below. A previous presentation of the underlying concept of "molecular bistability" was given by O. Kahn [3] , on the example of SC solids. The bistable properties at the molecular level are adequately described through a molecular configurational diagram, i.e., a plot of the adiabatic energies vs. the distortion coordinate of the molecular system. Usually, for SC, a fully symmetric distortion is considered, associated with the change in average metal-ligand distance. Due to the large atomic displacements upon spin conversion, the optical properties drastically change, so that the switching properties can be followed as well by magnetic or optical (absorption, reflectivity) techniques. In Fig. 1 , we show the configurational diagram suited to SC, in the case of the low-spin (LS) ground state. It is noteworthy that the effect of environment in molecular solids slightly affects the configurational diagram. For example, we display in Fig. 1 the effect of an external pressure, which increases the E(HS)-E(LS) energy gap, and correlatively reduces the energy barrier of the high-spin (HS) state, so as to raise the equilibrium temperature T 1/2 (see next section) and to shorten the lifetime of the HS state [9] .
ISING-LIKE MODEL
A widely used model for such bistable systems is the Ising-like model, which describes interacting twolevel units, the energy levels of which have different energies and degeneracies. The two-level scheme indeed is a drastic simplification of the complete vibronic level scheme, in the adiabatic approximation (see, e.g., ref.
[10]). However, it permits describing with qualitative success all quasi-static properties of the SC solids. The degeneracy ratio g = gHS/gLS, assumed to be temperature-independent, is related to the molar entropy change upon total conversion ∆S = R ln g, and therefore can be derived from calorimetric measurements. A useful recent review of calorimetric data is given in ref. [11] . Because of both electronic and vibrational factors, ∆S > 0, therefore, g >> 1. The Ising-like model has been used for describing the static [12] and dynamic [13] properties of SC solids, and was applied as well to the VT compound [2] . The Ising Hamiltonian writes: (1) with fictitious spins r having eigenvalues +1 in the HS state, -1 in the LS state, and degeneracies gHS, gLS, and ∆ = E(HS)-E(LS) denoted energy gap (or "fictitious field") in the following. The HS fraction is expressed as a function of the "fictitious magnetization": (2) A convenient form of the Ising-like Hamiltonian is the Ising equivalent form [10b], obtained by rewriting the canonical partition function to get rid of the pre-exponential factors. The Ising equivalent form involves a temperature-dependent energy gap (= "fictitious effective field") accounting for the degeneracy ratio: Fig. 1 The configurational diagram of spin cross-over (after ref. [4] ), with the LS ground state, and the effect of an external pressure (after ref. [9] ). Anharmonic effects have been discarded.
The thermodynamic properties of the Ising-like system (with the LS ground state) are merely governed by the sign of the effective field, for example, the qualitative features of the thermal variation of the HS fraction are reported below. The equilibrium temperature T 1/2 for which n HS = n LS = 1 /2 corresponds to a null effective field, irrespectively of the interactions.
THERMAL HYSTERESIS AND THERMAL SWITCHING
The presence of interactions-of steric origin-makes the conversion curve n HS (T) steeper around T 1/2 . Above an interaction threshold value, the system becomes bistable at T 1/2 , and thermal hysteresis occurs. The bistability condition is easily derived using the Ising equivalent form [14] : it requires the Ising equivalent system to be ordered at the equilibrium temperature, i.e., T 1/2 < T C . Then the reversal of ∆ eff (T) induces the reversal of non-null "fictitious magnetization" <r>, i.e.. the thermal transition is discontinuous (= first-order), and hysteresis can occur. The occurrence condition of hysteresis writes in mean-field treatment:
Equation 5 was previously derived from a "thermodynamic" model based on the properties of regular solutions in the Bragg-Williams approach [15] , later shown to be formally equivalent to the meanfield two-level approach [16] .
Thermal switching can be obtained by variation of temperature around T 1/2 , provided that the relaxation between the two states is fast enough. The kinetic contribution so far observed for the hysteresis of SC solids, on the time scale of some minutes, can be attributed to heat-transfer problems.
Actually, there are no available data for the intrinsic kinetics of the SC phase transition, which seems to be rapid, and therefore should be difficult to disentangle from heat-transfer effects. On the other hand, the escape time of the metastable phase at the equilibrium temperature is expected to be rather long [14] , in agreement with the existence of a quasi-static hysteresis at the experimental time scale (hours, days). Due to the slower relaxation in PBAs [17] , the first-order thermal transition exhibited by Na-PBA [6] should be accompanied by large kinetic effects. As a matter of fact, there are some examples [18] of an easy trapping of the high-temperature phase (if different from the low-temperature phase) by thermal quenching. A model for kinetic thermal hysteresis, accounting for the relaxation rates, can be found in ref. [13a] .
We briefly comment on the shape of the hysteresis loop. Indeed, the usual mean-field models result in well-rounded turning points of the loop, while most of experimental data display well-marked turning points, with sometimes rather bent sides (instead of the expected jumps). The bent sides are easily reproduced by a distribution of transition temperatures. The origin of the well-marked turning points was recently elucidated [20] thanks to improved models including both long-and short-range interactions [13c].
An interesting question concerns the supposed ferrodistortive spin-like domains, which have not been observed directly, so far. Their existence was inferred [21] from X-ray diffraction experiments and from the existence of minor hysteresis loops, see Fig. 2 . Minor loops can be modeled by analogy to magnetic domains (Preisach models) [22] .
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OPTICAL SWITCHING
Photoexcitation at low temperature, with adequate wavelength, may provide a reversible switching of the system. This is based on the long lifetime of the excited state at low temperature, and, therefore, The reverse process (HS → LS) occurs by irradiation at ~750 nm, with, however, a lesser efficiency, due to branching ratio of ~4:1 for the direct and reverse processes, respectively. The reversibility of the photoprocess is, of course, appealing for applications to optical information storage, and similar effects have been reported for the PBAs [6] . In the case of SC, photoexcitation usually occurs as a bleaching effect [23b], for both the direct and reverse processes [2] . A useful scheme is the Jablonski diagram, which has been reproduced many times, see ref.
[23]. The quantum yield of the photoprocess has been measured recently, in the case of the SC salt Fe(ptz) 6 (BF 4 ), and was found close to unity [24] . Therefore, the photoprocess is considered as a singlemolecule process. In the case of a binuclear SC solid, the photoprocess induces at once the transformation LS-LS → HS-HS [25] . As for the PBAs, the suitable wavelength (~750 ± 100 nm) is broad and seems to be an intervalence band [17] , the optical properties are complex and result either in bleaching or in photodarkening, according to the nature of the alkali cation and the wavelength [18] . We show in Fig. 3 experimental data for Rb-Co-Fe PBA, showing a photodarkening effect. A large effect of bulk absorption of light is inferred from the different kinetics of the magnetic and reflectivity signals [17, 26] .
The photoexcitation process may be limited by several factors, in addition to trivial absorption of light: (i) by an opposite light-induced effect (e.g., the reverse LIESST at 750 nm in SC solids is very often associated with some direct effect due to the overlapping with the bands centered at 550 and 1000 nm) and (ii) by the relaxation of the photoexcited state. In both cases, a photostationary state is generated at long times (see below). Another intriguing point, detectable in many photoexcitation kinetic data, is the frequent observation of an incubation stage [27, 28] , an effect reminiscent of some solid-state first-order transitions (cooperative photoprocess? [29] ). Such effects remain to be elucidated in the general frame of a photoexcitation process that has little sensitivity to environment effects.
An alternative route to photoswitching was recently proposed by the use of photoisomerizable ligands around the SC unit. The effect denoted ligand driven light-induced spin crossover (LD-LISC, [41] ) has proved to be efficient at room temperature. Recent experiments have shown that the optical switching of SC solids was also possible in the thermal hysteresis loop, thanks to nanosecond laser pulses [30] . Indeed, the thermal relaxation of the photoexcited state is extremely fast at high temperatures, so that a very high flux of light is needed. Working in the hysteresis loop should help slow down the relaxation rates, due to cooperative interactions (see ref. [14] for model). In such a case, the physical features are indeed those of a first-order transition triggered by an external stimulus, and the single-molecule excitations, occurring in sufficient number, might create the critical germs needed for nucleation and growth of the photoinduced phase [31] .
Thermal switching can also occur under permanent light and at low temperature, when the photoexcitation and the thermal relaxation of the photoexcited state compete against each other. A suitable phenomenological master equation is written: (6) where I 0 is the intensity of light, r is a factor accounting for absorption cross sections, quantum yield…, k HL and k LH are the transition rates for the HS → LS and LS → HS spontaneous relaxation. Assuming for simplicity a temperature-independent photoexcitation term, the monotonous temperature dependence of the relaxation rates leads to a light-induced equilibrium temperature [13b] . In the thermal activation regime, neglecting the spontaneous LS → HS relaxation (for low temperature) it writes, irrespective of the interactions: (7) It is noteworthy that the low-temperature steady state is HS-rich (slow relaxation of the photoexcited state), while the high-temperature steady state is LS-rich (fast relaxation). Therefore, under permanent light, the steady state exhibits an HS → LS conversion at T 1/2 *. Due to cooperativity, an instability can occur at T 1/2 * [32, 33] . The mechanism was described through a mean-field macroscopic master equation [33, 34] , which accounts for linear photoexcitation (i.e., with a constant quantum yield), and nonlinear, self-accelerated relaxation [35] . The mean-field macroscopic master equation writes, neglecting the spontaneous LS → HS relaxation (for low temperature): (8) where E A and α respectively are the activation energy barrier and the Hauser self-acceleration factor (proportional to the interaction parameter J).
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Instability occurs as soon as the self-acceleration factor is in excess of the threshold value α = 4, and gives rise to hysteretic behaviors, as a function of temperature, pressure, and light intensity. Such hystereses have been denoted LITH, LIPH, and LIOH (respectively, light-induced thermal, pressure, and optical hysteresis). In Fig. 4 , we show the first example of LITH, best observed by reflectivity technique, which only probes the top layers of the absorbing sample [26] . An important consequence of these nonlinear effects is the occurrence of an intensity threshold [33] , which may severely hinder the photoswitchability of absorbing materials, such as the PBAs, for instance.
PRESSURE SWITCHING
Pressure favors the LS state of smaller volume. The pressure dependence of the energy gap ∆ = E(HS)-E(LS) merely writes: (9) with δV, the molecular volume increase upon spin conversion, leading to: (10) where ∆V = N δV is the molar volume increase upon total conversion. Most of the experimental data [2, 9, 36] for the considered families of compounds yield δV ~ 20-30 Å 3 . In Figs. 5 and 6, we show typical pressure experiments. 
MAGNETIC SWITCHING
Recent experiments [38, 39] under pulsed magnetic field up to 35 Tesla, using reflectivity detection, have shown the partial or complete triggering of the SC transition by the magnetic field, see Fig. 7 . Major conclusions of the experiment are the following: (i) the transition can be (partially) triggered only when the initial state of the system belongs to the metastable ascending branch of the thermal hysteresis loop; this was adequately discussed in ref. [38] ; (ii) the out-of-phase response of the sample to the magnetic excitation shows the kinetic character of the process. This kinetic character is thought to be responsible for the incompleteness of the transition. Further experiment on a Co-based SC solid (faster relaxation) provided a complete triggering of the transition [39] . The simple equation was derived for the isothermal process [38] , in the high-temperature approximation (paramagnetic Curie law). The magnetic molar free energy writes: )(cat) (low-temperature phase). Experimental data from ref. [37] . The full line was computed using the Ising-like model, with a single adjustable parameter, δV~ 27 Å 3 (after ref. [2] ).
where ∆H(0), ∆S(0) refer to the properties in absence of an external field. Accounting for the paramagnetic properties of the HS state, it comes for a spin S = 0 → S = 2 transition:
The negative sign for the gap shift means that the HS state is favored by the coupling to the magnetic field. The peak value of the applied magnetic field (31 T) corresponds to a computed shift of the transition temperature ∆T 1/2~ -1.8 K, a sufficient shift for a complete triggering to be expected in the quasi-static regime. Therefore, the incompleteness of the triggering was interpreted as due to the kinetic aspect of the pulsed-field experiment. These aspects were recently modeled through dynamic treatments of the Ising-like model [39, 40] . 
PERSPECTIVES
Molecular switchability is promising in terms of information storage and photocontrol of magnetic and optical properties. However, most of the knowledge obtained so far deals with the low-temperature properties. Present efforts aim to raise the working temperature of these photoprocesses, until room temperature, and to trigger the transition by brief pulses of light, in the thermal hysteresis interval. A true understanding of the photoprocess will certainly require a solid-state approach of the SC transition.
